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NATIONAL ADVISORY C!OMM171’TEEFOR AERONAUTICS

—

TECHNICAL NOTE NO. 1138

STANDARD PROCEIWRES FOR RATING AND TESTING

MULTISTAGE AXIAL-l?LOWCOMPIWSORS

By NACA Subcmmnittee on C!conpressors

In order to establish a standard procedureTtir rating and
testing multistage axial-flow compressors, the NACA Subcommittee on “‘
Co?qmessors appointed a panel to write such a pmce~e. -~is panel
made recommendations for standardization of test setups, fnst*en-
tation, test procedure, data to %e taken,,and the presentation of

——. ..__

the data. These reccmmendations are presented.

INTRODUCTION

In the past, axial-flow coqyessors have been rated and tested, _
insofar as praotical, in accordance with the standard pti”oc~uresfor
rating end testing centrifugal compressors. The current methods of
testing centrifugal coinpressorsare given in reforences 1 and 2. The
procedures for centrifugal compressors, however, hake”often proved
unsuitable for axial-flow types %ecause of fundamental clifferences
in desi~ and application. The subcommittee on Compressors therefore
appointed a panel consisting of Lt. Comdr. krilliemBollay of the
Bureau of Aeronautics, Navy Department, Mr. Arnold H. Redding of the
Westinghouse Electric Corporation, Mr. E. L. Hunsaker of the General
Electric Company, Mr. John Talbert of the Wright Aeronautical Corpor-
ation, and Mr. John T. Sinnette, Jr., of the NACA to formulate a
standard procedure for rating snd test+ng axial-flow compressors.

-. .-

This report presents the recmmnendations of the pansl for the
standardization of the test setup, the instrumentation, the test
procedure, the data to be taken, and the presentation of the data.
The recommendations cover two types of setup: (1) those setups that
use an external drive for the compressor and (2) those setups in
which the compressor is an integral part of a gas-turbine engine, jet-”
propulsion engine, or composite power plant.
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Derivations of important equations are presented in sn appendix.
Air charts obtained from reference 3,but in the notation of this
report, are also presented for rapid calculation of compressor per-
formance end thermodynamic states with greater accuracy than is pos-
sible with the equations based on normal air given in reference 1.
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SYMBOLS

The following s~bols are used:

cross-sectional mea in plane .ofoutlet measuring lni3truments,
square feet

local velocity of sound, feet per second

moisture correction factor for enthalpy as

moisture correctlm factor for ,tamperature
page 17

chord of

chord of

speciflc

compressor blade

blades in final row

defined on pa~e 17

0

#

—

as defined on

.=

v
—

heat at constant pressure, Btu per,pound per=%.
‘(for dry air at 59° F, 0.2400) “

F=

s~eci.ficheat at constant volume, Btu per pound ~er % (for
dry air at 55°F, 0.1715)

inside diemeter of compressor casing atfirst row of rotor
blades

outer diameter of annular passage at inlet measuring stat-ion
(depressiontank)

inner.dismetorof annular passage at inlet measuring station
(depressiontank)

outer dismeter of annular ~assa~e at outlet measuring sta.tfon

inner diameter of annular passage at outlet measuring station

standard acceleration of gravity, 32.174 feet~ensecond per
second

enthalpy corresponding to stagnation conditions, Btu per pound

mechanical equivalent-of heat, 778.26 foot-pounds per Btu
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width of outlet-~assagp-after last row of compressor blades,
D02 - Di2

2 .._

Mach numiberj V/a

mass ratio of water vapor to dry air — —
;.. __—

rotor speed, z-pm

equivalent rotor speed.,rpm (rotor speed corrected to NACA
standard sea-level conditions)

.-

-——— ._._

number of stages
—

absolute total Tressure, pounds per sqpere foot

absolute static pressure, pounds per square foot
-.

dynamic pressure,
1
~ P T2, pounds per square foot

Reynolds nsmiber, pcV’/~

gas constant for dry air
--

gas constant for moist air
—

-—— .

radius, feet
–—-—

.=

flow area, square feet”
-—

total temperature, OR

indicated or measured temperature, %

static temperature, % ———_._.-

rotor speed at tip for first stage, feet per second

rotor speed at hub for first stage, feet per second

rotor speed at tip for last stage, feet per

rotor speed at hub for last stage, feet per

relative air velocity, feet per second

flow rate, pounds per second

second

second —

——

—



~ iV~~ TN NO. 1=8

T’TJT
—e— equivalent flow rate, pounde per second (flow rate corrected

s~a-level conditions)

thermocouple probe as

-.

def’lnadon page 15

angle between absolute air velocity and compressor axis

rat~~ & s~ecffh kleatsj Cp /cv (for dry air at 59° Y,-
1.400; for other condition, fig. i7)

increment of state f-mtion for actual process

increment of state function for isentropic p?ocess from inlet
total preemrc and temperature to cutlet total pressure

ratio of inlet-air total pressure to NACA stmdard sea-level
pressure (2116,2 lb/sqft)

adiabatic efficiency (p. 13)

adiabatic shaft efficiency
——.-—

adiabatic temperature-rise efficiency “’ “
.,..

ratio of inlet-air total temperature to NACA standard sea-
level temperature (518.6° R)

relative pressure function for dry air

mass density,

mean premmre

(loge *= *L’ %9
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Subscrtpts:

1

-1~

a

c

d

i

G

m

m

max

min

s

inlet measuring station, station la

outlet measuring station, station 2a or 2b

aver~e ...—

compressor . .

dry air .

inner dismeter ——.— .

outer dieme%er .—

on ~ and U indicates mesn values as defined under
and Um

on H, R, and T indicates values for moist atr

maximum

minimum

—.

.-

—.—

on state ~roperties.indica>es value for isentropic yrocess,. .-

TEST SE2U!? ,.

Setup with Ccmqyessor Externally Driven

When the ccznpyessoris externally driven by a motor or other
device that is not an integral part of the-power pl-=t.fo~.yhich the

--

compressor was designed, a more elaborate setup can be made in oz%er” ‘—””““”
to insure the greatest accuracy of the test resu~ta. ‘The fo~ming
setup is reccumnended:

. .-
—.

Inlet. - An inlet @eDression tank designed to insume sgooth
entry of the air into the compressor should be pl-ace~i.nmed-iately
ahead of the compressor. Even when air is taken direc-t@?-rom the
room, a depression tad is recommended in order to obtain the destied
accuracy of inlet-temperaturemeasurement and freedom from rotatioi.
A suitable inlet tank is shown in figure l(a). “A-tankMtiet%r %1
at least three times the compressor diameter D iS iicomme=de?f

.—

althol~gha dianeter as mall as 1.5 times the compressor diameter is
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perm?.ssible. A belbouthed inlet should be provided to inmre a
smooth transition into the compressor inlet. The dhmeter of this
beltiouthed inlet ~hculd be at le.u~t2 compressor aismeters if the
tank diameter is greater than 2 compressor di~eters or should extend
to the wall of the tank N the tank diameter is 2 compressor &ismeters
or less. Compressor-inletmeasurements should be made approximately
1 compressor diameter ahead of the bell.nouthedinlet (station la).
The dynamic preeaure and temperature should be uniform at this atati%
within the fOITOWiW ltiit~:

‘D’l 2

0

(q.msx- %2 .0.01 +

!la

Tmax -Ta<lo F

At the ccqreseor entrance (station lb) any rotation should not cause
the flaw ta deviate more than 3° frcm the axial direction as deter-
mined by a survey with a yaw tube. (Suitable yaw tubes for such a
survey are described in reference 4.)

In order to secure the roql~.ireddegree d? uniformity, onc or
more retm”orced screens and posgibly a honeycouihatrai@toner will
generally be required, Tilelast screen or strai~htiner,shouldhe
?pIac,sdapproximately 2 cunyemor diameters al>eadof tile_bgl’nmuthed
inlot~- Soreens wj,tih50-perceat openings, giv;,nga pressure drop of
abOUt 2q, were found to produce the maximum 5niprovementin uni-
formity of flm7 (reference 5). Honoyccmb strai@ton~rs may be
required if appreciable rotatian has boon ~.ntroducedby elbows,
uns.ymmotricalthrottles, and so fcrth, ahead of the tank. Tho
strai@tcning roquiraments as well as the Losses can bu roducod to
a minimum w~.than sxial apyroach to the tank and tho usc of a symuot-
rical throttlo and a diffuser with a small divcrflenceangle
(7° o@”b) . A diffuser wj,thfairly largo divorgonce anglea (20°)
may bo used.without scriaus difficulties if a scruon is placed at ‘Mo
duwnstroam ond to stabil:izotho”flow (r~fermice 6),

The yrecedin~ description.assumesthat the c@Jre.s9_oTig .@V9Q ,
from the outlet end. EL sume cases it may be necesmry or m=re con-
vcmien’tto drive the comproasor from the inlet end. In this casej
modification of the inlet syet.cmas shown in figure l(b) or l(c) is
recommended. The deyrossion tank slhouldb~ lqrso enou@_.to ~c:ose
whatever driving equipment is required immediately.ahead.of the c@-
pressor and still allow the senm flow area through the depression
tank as in the setup where the drive ia frcm the outlet end. The
air-flow passago e.haadof the compressor should be faired tcsinsure
=ooth flow with a steady decrease inflow area frcm measuring ~ta-
tion la to the ccmprossor entrance.

-.
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Heat transfer frcm the drfve unit, the gears, and the bearings
to the inlet air should be kept below 0.2 percent of the total tem-
perature rise of the compressor at design conditions by making appro-
priate tn.sulationprovisions. (See paragraph o:_insulation, P. 8.)

Outlet. - The compressor may be tested either with or without a——
dfffuser. Smewhat higher accuracy can be obtained for the perform-
ance of the compressor proper wlhentested without a diffuser because
a straight paesage can be provided to obtain more acctiate outlet
meaeureanents. Fur tests of the compressor without a diffu-ser,the ““‘“

———

mtlet end should he set up essentially as sk.ownin f:@re 2(a). The
air frcm the ccsnprsssordischarges axially into an annular collector
through a unifcmn annular pass~e that has the same inner and outer- ‘“–—
diameters as the extt frcm the last row of blades. The length of the

—

straight passage should be at least 2 blade hei@ts or chcfis~ which- “. .-””-
ever is larger. The outlet mm.suring station 2a for all setupe is
lmated in this pass~e 1 blade kelght or chord (whichever 1s ~ger)
from the trailing edgss “S the laet blade row. For this reason the
walls of the passage must be smooth and, if possible, of constant
diametar. (Inserts can be lusedtc build up the passage wal-isto con-
stant diameter if they tayer.)

The discharge collector should be so designed that the static-
pressure var~ations aru.md the clrcuml?erenceat the outlet meaeuring
station 2a are less than 5 percent of the mean dynzunicpressure. H
an excessive variat~.onof static presmre due to a nonsyumetrical

.-

discharge exists, screens may bfiused to advantage as shown in fig-
ure 2(a). Great care must be taken that the flm” res?etance In theee
screens and ?.nthe outlet ducting does not preclude covering the
desired operating rengo of pressure ratios and flows. The reccmmendod
collector d.’hncneionsare as follows: a minimum diameter Gf 2 ccm-
prassor diemetors and a min~hum axial length of one-half cc%npressor
dismeter. Other discharge arrangements such as properly designed
scrolls or multiyle guide vanes am permissible provided these arrange-
ments ~chie~e,tlh~required uniformity at?static pressure at the outlet
measuring station and do not appreciably restrict thg flow and thcmeby
limit the operating rcingeof the tests.

When the ccmpreseor ie furnished with a d~fuser, it iS genera~~
desirable also to determine the over-all performance & the compressor
and diffuser. A suitable setup for such tests is shown in figure 2(b).
In general, a straight section cannot be provided titer the last row
d compressor blades as in the setup for test without a d~fuser but
outlet measurements should still be made at 1 blade height or chofi,
whtchever ie larger, fran the trailing edge of the last row of bmee
(etation 2a). Caution should be used to minimize the effect of this
~netrumentation on the readings taken at the following station. In.
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order to obtain the over-alI performance of the compressor and dif-fuser
pressure measurements should also be taken ,justbeyond the 6utlet *
of the diffuser (station 2b). The recommendations tir the collector
and outlet piping are the.same as for the setup without a diffuser.

Air facilities. - Whenever possible, altitude-exhaustfacilities
and refrigerated inlet-air facilities should be used in order to
obtain a wide range & air flows and inlet-air pressures and temper-
atures. In testing canpressors at low pressure ratim, a blower in
the air-supply syst~m can be used to advantage to obtain a wide r~ge
of flow dbnditions.

Insulation. - A minimum of 2 inches of hair felt (or the equiv-
alent should be used tQ Lag the ccmpressoramd any other parts where
heat--transferwould affect the indicated performance. ~ pcmsible,
the compressor and cmllector should be muunted separate frcm the gGar
box in order to eliminate heat transfer between these parts.

S~~tupwith Compressor Driven by Its Own P;wer Phnt

When the comprdseor is tested as an integral part of a complete
powc?rplant and thus is fb?i~e~ by a sGlf-c~-tained twblhe or e-~ine,

the test.setup will neceseariIy”be different frcm that in ~~iichthe
ccxnpressoris tested as-a separate unit and the range of speed and
air flow will be much fioreltilted. ~- “i-n”l~tset-u-pflho-uld-”b-e-“the–
same as that used for testing the compressor with an exLerna_drive.
Modifications offthe ccmi~reescr-discharge~aa~age~ to itirease the
accuracy of measurecmnts will be im~rac-tical.-C-om2re5sor””cui”iet
measurements should, howev-er,be made 1 b~.ailehefght or blad6 clo~d~
whichever is lar~er, downstream of the last rcw of compressor b-lades.
Care should be taken to shield properl~ the-discharge ti”ermocouples
from radiation from burners. In order that the temperattie-rise
meamrement may be used as a reliable indication of efficiency, the
compressor should be lagged. Altitude-exha’ustfacilities are useful
in extending the range of the te~ts.

INSTRTUMWTATIONAND ~NTS

The locations of t~.emeasuring stations are shown in figures 1
and 2. The air flow iaay-b6-meaGuredeither betor~ “or&ft”ert@ c&-
presser. H any poaslbility cf apy?ec:able air leak~~e exists, meas-
urements at both t~inlet and the outlet should be made as a check.
Every ef~ort, however, should bo taken to elimlnat-eleakage as i.tmay
introduce large errcrs in the p&?ormknce r@bult&”. At red~ced irilet
pressures these arrors may be greatly ~amted. In-tit-airflow may
be measured either before or e.flterthe depres~iofitank, preferably

.
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before. Air flow may be measured efter the depression tank by cali-
bration of the,bellmouthed inlet, but sufficient sensitivity will be
difficult to obtain over the entire range of the teats.

The instrumentation at the inlet station (station la) should
consist of two total-preqsure rakes located 180° apart, two therho-
cauple rakes 1%0° apart and.90° fram the pressure rakes, and two wall
static-pressure taps 180° apart and 45° frcunthe temperature and
pressure mikes. (See flg. 3.) Each total-pressure r-~e should con-
sist of three total-pressure tubes located to read the pressure at the
area center & equal areas. Each thermocouple rake should consist of
three thermocouples, each i~cs,tedat the area center of equal areas.
Because the air velocity in the depression tank is usually very low,
care must be exercised to avoid,heat transfer between the room and
the thermocouple, especially that transfer caused by a slight leakage
of room air through tke probe ard aver the thermocouple junction.

The location of the instzwments at the outlet measuring station
is shown in figure 4 for the compressor.withouta Mffuser. The
required pressures are obtained with four wall static-pressure taps
located 90° apart in the outer wall and four Zn the inner wall. These
pressures should be separately read.and arithmetically averaged. If
the compressor is tested wl.tha diffuser instead of.a constant-area
discharge section, measurements ehculd be taken at the seineexial
position (stat..cn2a) but four static-pressure probes may be used
instead af wall static taps. These probes should be 90° apart and
in the middle of the passage. In addition, four static-pressura ‘-–—
probes 90° apart should be placed at the second outlet station (sta-
tion 2b) in the middle of the passage to obtain over-all ccmpressor-
diffuser performance. A suitable static-pressure probe is shown in
figlwl 5. The two openings on opposite sides of this probe are con-
nected to separate mancm.etertubes and, before readings &re taken,
the direction of the probe is set to give equal pressures at the two
openings. ——.—.

The temperature at outlet station 2a should be read with six
total-temperature probes spirally arranged and located 6C10apart, eaoh

‘ at the area center of equal annular areas. (See fig. 4.) The outlet
thermocouples can be used to read the outlet “temperatureor connected.
in series with the inlet thermocouples to read directly the tempera-
ture rise. A s~itable temperature ?robe is shown in figure 6. The
recovery factor of this probe (based on information received from
Pratt & Whitney Aircraft) is shcwn in figwe 7 ae a function of the
air-stream velocity for air-stream total temperatures equal to the
ambient temperature and for air-stream total temperatures approxi-
mately 100° 1’above the embient temperature. As the renge ~ pres-
sures end temperatures in these tests was email, the separate effects

—

—

.
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of Reynolds number, Mach number, and temperature level cannot be
determined. As this probe is insensitive to yaw up to approkimat.ely
+~~, lt should need to be set only once during the tests. Because
of the high recovery factor and relatively low temperature error due
to heat-transfer of this probe, it should be satisfactory in most-
caaei3to use a recovery factor of 1. For air temperatwes above
5.DO0F or velocities below 300 feet per second, however, it- be
necessary to shield tl.%probe and take other precautions to reduce
heat transfer by radiatian and conduction. (See references ? and 8.)

ACCURACY OF PERI?ORMANCE

Because-of the large effect of ccmipressorefficti~y on over-all
performance M a gas-turbine or jet engine, every effort should be
made to obtain high accuracy for the performance cd?compressors for
tbse applications. Accurate shaft efficiencies, which require the
accurate measurement of torque input and air-weight flow, are espe-
cially valuable although difficult to obtain with existing apparatus
and techniques. In order ta emaluate the effect of small modifica-
tions in the compressor design, it is considered very desirable that -
the relative accuracy of the final efficiency be within one-fourth
percent (that is, the results should be reproducible w~in this
limit). In order to cmnpare the merits of”cmpressors temted on
different test ”staiids,it is c.cnsideredessential that the absolute
accuracy of the efficiency be within 1 percent. These accuracies
requlne careful instrumentationand techniques of “rneasurem6nt.
Enphasis should be given to in~estigations leading to the improvement
of measuring apparatus and tec-kniques,particularly with regard to
the mess-xrementaf torque and air flow.

In all reporte on compressor pezf’ormance,careful estimates of
the accuracy of the various measurements and of tie aver-all perform-
ance should be included in order that the reader how how reliable
the test results are.

‘IIESTMETHOD

When an axternal drive is used, tes.tishould he run_from 10 per-
cent of the design rotar speed N/~~ up to tlu”m=imum speed the
mechanical design will permit in increments of 10 percent of design
N/@. Inlet conditions for these teatm should cmrespond approxi-
mately to sea-level pressure and ram temperature or to the highest
pressure that will enable cgverage of the epeed range with the avail-
able power.

.
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Additional teEka are desirable at 80, 90, 100,
design N/~ up to the msxfiimmnsafe speed at four

11
-—-—

etc., percent of
additional sets

of inlet conditions; that is, two additional tests at embient inlet
temperature and reduced inlet pressure, for exemple, one-half and
one-fourth atmospheres, and two additional tests with one of the inlet
pressures already used but with inlet temperatures of 0° and -70° F
(or as low as practical). .

.

Tests should be run over the whole range of pressure ratios
.—

obtainable with the equipment. Where possible, these tests should
extend into the windnilling region. When test facilities aO not per-
mit operatim in this region, the lowest pressure ratio should be
detemniaed with the wide-open outlet throttle. ‘Testpoints should be
taken in the supge range whenever it is considered mfe to do so. .--—

The surge point s?nouldbe indicated as accurately as possible. .-..

...
When the compressor iS tii~en by its own power pl~t, testing

.-——

wV.11not generally be possible over the entire range reccmnended for -
an external drive. Tests should then bo run over the eintlreoperable
range ~= the engine.

._

.— -— .. _
The desired value of N/#~ should be maintained throu@.out the

tests within ~0,25 percent by adjusting the speed to ccxnpensatofor
variations in inlet temperature. At each speed and inlet conditim,

.

at least 10 test potnts shcmld be so chosen as to give apprcximatoly
uniform distribution M the points alq the perfo~co curve”af
pressure ratio against flew lxatwith the points smmwhat closer
together near peak gfj?igiency. -- ..——

After a test point has been sot, test conditions should be allowed
:——

to stabilize before data are taken. Stabiltzod conditions havo been
reached when the outlet temperature ceases to change, a prmoss that
usually takes 5 to 15 minutes. Bocauso axial-flow ~omprossor potiorm-
ance :s sensitive to accumulation of dirt, check tests are iibs-fiable
at perbdtc intervala.

—,.—

—— _

PRESENTATION OF DATA

The principal method of pr~sonting compressor perfozmmnco (fig. 8)
should consist of curves of the owr-all prosaure ratio I@?l plottod
against W@/5 with percentage of design equivalent speed as a param-
eter and with efficiency (either temperature-rise ~ or shaft ~=)
as contours. Whorcvor possible both tomperaturo-ris~ and sh&ft of~i-
cicncies shouliibo presented. The pressuro ratio and efftciexiciosare
based on outlet total pressures calculated by tho method px%sontoa”-fi

——— .
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appendix A, A table on the curve sheet should list I?/@, percentage
of design equivalent speed, and U/@. Cross-section paper with
20 lines per inch is recommended”forthe presentation @ all data.
Two sheets are permissible for covering the high-speed qnd low-speed
tests separately with a scale suitable to each spged .r~e. A verti-
cal line an the air-flow scale should be used to indicate the theo-
retical maximum air flow for the particular ccmipressorunder consider-
ation. The theoretical maximum air flow is calculated by assuming
sonic velocity at the minimum flow area ahead of the first rotor
blades. The minimum flmw area will usually occur immediately shead
of the first rotor blades and be given by the expression

but for some compressor designs it may occur within the entruc.e guide
vanes. If the flow an~ie p is known at several points between the
inner and outer radius, this integral may readily be -evaluatedby
determining ‘thearea under the curve obtained by plotting Znr cos @
as the ordinate and r as the abscissa. The maximum equivalent
weight flow through this area is then given by the expression

(based on dry air with y = 1.400). For comparing different compres-
sors, auxiliary scales showing W@/5D2 and the root maan pressure

ratio per stage (P2/PL)l/n should be given. The surge limit should
be shown wherever it is clearly defined.

The following secondary methods of presentation are also
recommended:

1. ~ficiency (temperature-riseand shaft) plotted against W@/8
for tho low-speed range (or the entire range) with percentage of design
equivalent ~peeclas a parameter, (See fig. 9.)

2. Wficiency (temperature-riseand shaft) plottod against pres-
sure ratio P2/P1 for the high-speed raqge with porcenta$e of design
equivalent epeod as a parameter. (See fig. 10,)

3. Pressure coefficj.ent~m plotted against Wfl/6 with per-

cent-f doaign equivalent speed as a parameter. (See fig. 11.)

.-.

—
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4. Work-input factor ~m/v (for tem~erature-rise and shaft
efficiency) plotted against W@/5 with percentage of ilesi~ equiv-
alent speed as a paremeter. (See fig. 12.)

5. I&ck nuniberat the compressor outlet l% (calculatedbjthe
-----—

nethod given in appendix A) plotted against W@/8 with percentage
of aesign equivalent speed as a paremeter. (See fig. i3.)

The .Machnwiber end the Remolds number based on the--relative
=

velocity at the entrance to the first rotor blades for design speed
at maximum efficiency end the test inlet conditions should be-@ve~ ‘–—
on.the principal performance curves. (See fig. 8.) The chaz%bter- -‘–—
istic length in the Reynolds nunibershould be taken as the appropriate
blade clxmd. Mach and Reynolds numbers should be given for hub, mean,
and tip CI@ueters. -—

----- . ----

, Compressor efficiency is defined aa the ratio of the wo~k
—

required for %sentropic (reversible adiabatic) compression from the
inlet total pressure PI to outlet total pressure P2 (as deter-

?dzledin

The
from the

The
measured

Ac%ual

appendtx A) to–the actual work required; tha= is
-.

= Tf3entropicwork
7 Pmtual work -—

work (in Btu/lb) ~or isentropic compression may be found
basic air charts (fig. 3.4);that is

Isentropic work = AH
.

actual work input (in Btu/lb) may be determined from the
——

shaft horsepower and bearing-friction horsepower; thus

550 Sheft horsepower - boaring-frfction horsopoworwork = ~ w

The actual work input may also be detemuined approxhately from the
temperature rise. E heat transfer is neglected,

-— .- _—
-.—

Actual work =AIi =E2 - H1 . --—-.

The values of H1 and H2 csn be determined.directly from the air

charts (fig. 14) for the temperatures T1 and T2. Humidity correc-
tion can be appliedby the use of figure 15. These correctims should
be applied when m exceeds 0.01. (Failure to correct for moisture
introduces an error of about 0.3 percent for m= 0.01.) The ~thOas
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of calculation, both with and without humidity corrections, are
illustrated by examples in appendix B. The value of m as a func-
tion o? tw~gei?aturefor saturated air at stanrlardsea-kevel pressure
is given in figure 1.6. The actual value of m for any given inlet
conditimn may be determined (with sufficient accu.raoy)by multipl.ylng
the value obtained from the curve by the relative hynidity (at the
compressor inlet) and dividing by the relative pr-esmre ?3.

For small tmperattie rise, the specific heat (snd hence y)
may be considered constant and therefore the expression for the
temperature-rise efficiency can be written

Calculation of efficiencyby means of this equation i.ppermiasihlo
far temperature rise of less than 200° 1?protiidedthat a value of y
corresponding to the moan of the inlet and outlet temperatures is
used, The correct value of 7 to use can be detemined from fig-
ure 17, which shows 7 as a function of the temperature and moi~ture
contont m. (For small temperature rise, an error in 7 af 0.1 per-
cent leads to an error in efficiency of alout 0.25 percent.) Tho
use of air charts is rocjuiredfor largo t(3mperatUr0r3sGB an~ is
prGl?orableeven for small temperature rims.

.

.

.——.-

. .
0

—

Aircraft Engine Research Laboratory,
National Advisory Couittee for Aeronautics,

Cleveland, Ohio, April 23, 1946.
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APEENIXIXA

CALCULATION OF OUTLET TOTAL ~E

In the past, much uncertainty has been

AND MACH NUMBER

encountered in the deter-

mination of %he outlet total pressure. In addition to lerge radial
Vsrtations, large circumferential variations in total pressure due
to the wakes from the stator blades and nonuiiifozmityof blad~”me.ke
the eccurate detemnination OY the average total pressure difficult.
For most applications some diffusion is required. Because a unifom
velocity is desirable and generally gives a greater pressure recovery
than a nonunti-ormvelocity with the sszzeaverage total pressure, it
was considered undesirable to credit the compressor for flow energy
associated with nonun~~onuity of ~elocity. Based on thsse consider-
ations the following method for calculation of the outlet total pres- - –
sure I?2 from the continuity equation on the ass~ptim of-a unifo”rm
outlet velocity in the exiel direction has been eloptefi. On this

assumption, the compressor is not credited for ncn-mifcrtity of veloc---‘--
ity and detiation frcm axial dischti-ge.--””e.e“~~fi-qu.~ltities.&z:the ‘- “~
Otitkt StatiC pr~S@l~e p~z the measured outlet temperature Tf2>
the air weight flow W, the outlet area A2 n~l to the fifs~ ~
the recovery factor a of thG temperature probe.

From the definition of the reoovery

Ti2 - %2
a= T2- t2

factor

and the equation

~ V-22
~i2 - t2 . *...._a

2-.

If Y2 iS defined *

then equation (2) @-ves

.-
.=_.-.-(~)__ ;

--

(2) “-”’‘-- -

(3)
.-

..

_ .__._.(4)
=

--—
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Y2=+?L
2~t2

NACA TN No. 1138

(5)

By the continuity equation

(6)

the velocity can be eliminated from equations (3) and (5), which gives

Tiz

and

*2 =
(y - 1) ww2t22

27$P22 A22

(7 -1)WW2
Y2 =

27gp22 %2 ‘2

If equation (7) is solved for t
f

and the result substituted in
equation (8) the following eqgat on is obtained:

r 1

(7)

‘2
= p2

and the outlet Mach number from

.

(8)
.

[/

2(y - l)~aW2Ti2
-1-1-, 1+

YE! Paz A22J
‘2 = 2a

(9)

The outlet-total pressure can then be

%=

In order to permit a rapid
these quantities, based onRm .
spending to dry air at 400° F),
respectively.

(Y2 +

obtained from the relaticm

~

1)7-1 (lo)

the relation

r

2Y2

7 -1 (11)

determination of l?2/p2 and ~,
53.345 and a mean 7 = 1.388 (corre-
are plotted in figures 18 and 19,.

.

*
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AIR CHAR!IEIAND EFFICIENCY CALCULATIONS

A description of the air charts obtained from reference 3 and
examples showing tilemethod of calculating co?mpressorefficiencies
frcm these charts are

The basic charts
defined as possessing

presented. —-- ---.
—

Description of Charts
Q.

taken from reference 3 are for “pure dry air”
the followi~ mass ccsnposithn:

Oxylynl
---

23.0 percent
--—-~

Nitrogen 75.6 percent
Argon 1.4 percent

--— ___. :
.-..._ .~

In aiidition,correction curves are given that grovide tileadjustments
—-—

to be applied to the air data to account for tke effects of atmos- “--”—
pheric water vapor. . —_.

--———
The basic air charts (fig. 14) express the relation between””tsm-

>erature, entbalpy, and a relative pressure function ~. ““(See refer-
ence 9 or 10.) The air charts are based on values obtained frcm
reference 9. The tables of reference 9 have been revised end extended
(reference 10), but the differenc~s =e small and should tlaen?efore .—

have a ne@igible effect on the accuracy of efficiency calculation. ““’‘–”” .—_. —._ .-

The corrections to be applied to the basic air charts to ti:~ount
.—

for water va~or are shown in figure 15. The correction factors am “- n
so determined that

—
--.-——~ .._

-——

and

QTm =ATd (1 -Bt)
..-.:<

-.—. . . .
.-—. . —.

Compressor-Efficiency Calculations
.

The procedure for the calculation of ccmyressor officiencios is
illustrated by tho following exemples. The first oxsmple neglects
water-vapor correction; whereas tho second example shows the method
of correction for water vapor. .-

--.——



NACA TN NO. 1138

—..

.

-.

Fi.nd
~-nmnple1. - Given: P2/P1 = 6.00, T1 = 540° R, T2 = 951.3° R*
the compressor efficiency neglecting water-vapor corrections as

follmfj :

A. Iwentropic compression

Find AH for lsentro~ic compi-esslcmof dry alr as follows:
From the air charts (fic. 14), for ~1 = 540° ii.find

111 = 2.862

end

E2.= 33.62

For en tsentropic compression ..

~2 = (P2/Pl)HI = 6 X 2.8C2

= 17.172

Frcm the air charts with ~2 = 17,172 find

E2e = 120008

end Vlus

AHd =86.46 Btu/lb
.

B. Actual c~pressi.on

Frcm the air charts for T2 = S51.3° R find

H2 = 135.53

—.
-.

. -

.

-.
,—-

.--.
.- —. .+.—

—.

and hence

l!lE=

=

C. APLialaticeff!cienoy

133.55 - 33.62

99.~1 Btu/lb

The adiabatic tenu:~erature-riseefficiency 1s

?T=~

86.46= —= 0.8654
99.91

—

.-.- .-

.

,



NACA TN NO. 1138 -19

ExamFle 2. - Assuue the same data as used in example 1 with the
addtt~nal information that m . 0.02 and find the compressor effi-
ciency taking account of water-vapor corrections.

A. Isentropic compression same as example 1

B. Actual compression corrected to dry air .—

As tileair charts are for dry air, the actual temperature rise
~L1-stbe c~rrect~d to

Frcmfigure 15,
Then

ATd

dry-atr conditi~ before using

for m . 0.02 an& P2/Pl = 6,

= LTm/(l -Bt)

and henoe

= (951.3 - 540.0)/(1 - 0.006)

= 413.8

T2d = 540 + 415.8 = 953.9° R

-Franthe air charts

H2d = 134.15Btu/13

and hence

c.

As

LHd = 134.15 - 33.62

= 100.53 Btu/lb

-Adiabatictemperatuiw-rise efficiency

the charts. .—— .—

find B* = 0.0069 _
.-.--.

.-. ..-
.- —. —.

—

--

— .—— —

.

_.—

—.-

—

—

—
———

The adiabatic temperature-rtse efficiency is given by

the

actual

——
&&

VT =Ay -. .-
m

enthalpy correction factcm B~ is assumed to be the ssnm for
and isuntropic ccm~ression - —



2!0

LAHd
.—. U

~ Hd 100 ● 53

= 0.86G0

II.Adiabatic sheft officioncy

‘Theadiabekic eff’iciency may be calculated from ahai% power
measurements. ThUa

550 ShtiBthbrs~ywer
A~=~

- ?3f3al*inQ-frictionhoreeoawer.—. ——
w

%

1.

9u.

z
“.

4’.

~v.

u

is obtained fran fi~e ,15.
the temperature-rise efficiency &ad
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except for the notation, from reference 3. 1

%G?H4% E &I ‘m



n

T

II

n

T

II

n

T

H

n

T

H

n

T

H

n

T

H

n

T

M

Figure 14. - Concluded. lThis chart is a direct reproduction D—__J27.6 h 9050
except for the notati~”, from reference 3.1

lKi!lX’lh’&&l R %

.
:.

T
-.

m

n

o

:

z
o
.

—

w

ol



* NACA TN No. 1138

——
Fig. 15

1

.

.

.026

.024

.022

.020

.018

.016

,014

.012

.010

.008

.006

.004

.002

6

Figure 15. - Compression water-vapor correction for tempera-
ture and enthaipy rise where ATm = LTd(l-Bt),

AHm = AH~fi+E~). (These curves are taken from reference 3.1
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